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Abstract: Only a few studies have quantified and measured ecosystem services (ES) specifically
related to soil. To address this gap, we have developed and applied a methodology to assess changes
in ecosystem services, based on measured or estimated soil property changes that were stimulated
by soil management measures (e.g., mulching, terracing, no-till). We applied the ES assessment
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methodology in 16 case study sites across Europe representing a high diversity of soil threats and
land use systems. Various prevention and remediation measures were trialled, and the changes
in manageable soil and other natural capital properties were measured and quantified. An Excel
tool facilitated data collection, calculation of changes in ecosystem services, and visualization of
measured short-term changes and estimated long-term changes at plot level and for the wider area.
With this methodology, we were able to successfully collect and compare data on the impact of land
management on 15 different ecosystem services from 26 different measures. Overall, the results
are positive in terms of the impacts of the trialled measures on ecosystem services, with 18 out of
26 measures having no decrease in any service at the plot level. Although methodological challenges
remain, the ES assessment was shown to be a comprehensive evaluation of the impacts of the trialled
measures, and also served as an input to a stakeholder valuation of ecosystem services at local and
sub-national levels.
Keywords: soil; ecosystem services; land management; soil remediation; Europe
1. Introduction
Ecosystem services (ES) specifically related to soil have recently become increasingly important
to justify and support sustainable soil management for the mitigation or prevention of soil threats.
However, the extensive literature on ES contains only a few studies that have quantified and measured
soil-related ES [1–3]. Rutgers et al. [4] developed a method to quantify soil quality indicators on
arable farms, with land users and experts giving scores to various ES indicators. Schulte et al. [5]
identified proxy indicators for five soil functions based on agro-environmental indicators from current
policy debates on interactions between agriculture and environment. Dominati et al. [6] worked
with a comprehensive list of proxies for each service and units for measuring them, but omitted
cultural services due to their non-biophysical nature and the related challenges of quantifying
them. Van Oudenhoven et al. [7] applied the cascade model of Haines-Young and Potschin [8]
to a multifunctional rural landscape in the Netherlands for the assessment of land management effects.
Although these frameworks reflect the specific contributions soils make to ES, they are unable
to reveal the changes in ES that are introduced by soil management measures. Additionally, there is
a lack of methods on how to quantify the changes in ES based on measured changes of soil properties,
which would allow us to assess and compare the impacts of different measures on ES. Our research
attempts to fill this gap by developing and applying a methodology to quantify changes in ecosystem
services that were stimulated by soil management measures. To this end, we have reviewed the current
scientific debate and, in an earlier step, proposed an adapted framework for soil-related ES that is
suited for practical application in the prevention and remediation of soil degradation across Europe [3].
The framework we proposed in [3], see Figure 1, is an adaptation of existing frameworks, achieved
by integrating components of soil science while introducing a consistent terminology that can be
understood by a variety of stakeholders. The rationale is that changes in the properties of natural
capital influence soil processes, which in turn support the provision of ES. The benefits produced
by these ES are explicitly or implicitly valued by individuals and society. Their valuation influences
decision-making and policymaking at different scales, potentially leading to a societal response, such
as improved land management.
In the 17 RECARE (‘Preventing and remediating degradation of soils in Europe through land
care’. EU FP7 project 2013–2018. www.recare-project.eu [9]. The main aim of RECARE was to develop
effective prevention, remediation, and restoration measures using an innovative transdisciplinary
approach, actively integrating and advancing knowledge of stakeholders and scientists in case
studies, covering a range of soil threats in different bio-physical and socio-economic environments
across Europe) case study sites across Europe, various soil management measures—selected by local
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stakeholders in a participatory workshop and targeting prevention, remediation, and restoration of
a range of soil threats on various land use systems—were trialled (Table 1). The resulting changes
in manageable soil and other natural capital properties were assessed and quantified. In this paper,
we present how we developed a methodology to assess changes in ES based on these measured and
estimated changes in soil properties. The aim was to develop and apply a methodology to provide
a comprehensive appraisal of the impact of each measure on ES, including cultural ES, which have
largely been under-represented in ES assessments to date [10]. We then present the results of the
assessment of 26 different measures from 16 case study sites and discuss their interpretation as well
as the methodological challenges. The ES assessment presented here served as an input to enable
stakeholders at the local and subnational levels to determine and negotiate their valuation of ES in
a deliberative process.
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Table 1. List of the 16 case study sites and their 26 trialled measures—sorted according to their main
soil threats addressed. Further details about the trials and their results can be found in the papers
cited in the last column. Most of these papers are part of the CATENA special issue “Quantifying the
effectiveness of stakeholder-selected measures against individual and combined soil threats” [11].
Study
Site no. Study Site Name Country Trialled Measure Main Soil Threat References
01 Frienisberg Switzerland
Dyker on potato fields (shovels
digging holes into the bottom of
the furrows)
Soil erosion by water [12]
02 Caramulo Portugal Mulching—Low application rate(2.5 Mg ha−1) Soil erosion by water [13]
02 Caramulo Portugal Ploughing Soil erosion by water
03 Peristerona Cyprus Terrace rehabilitation Soil erosion by water [14,15]
04 Timpaki Greece Rainwater harvesting systeminstalled in greenhouses Soil salinization [16,17]
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Table 1. Cont.
Study
Site no. Study Site Name Country Trialled Measure Main Soil Threat References
04 Timpaki Greece
Application of T. harzianum in
tomato rootstock for alleviation of
high soil salinity effects
Soil salinization [16,17]
06 Wroclaw Poland Regulations limiting soil sealing Soil sealing
07 Canyoles Spain Straw mulch Desertification [18]
08 Gunnarsholt Iceland Land reclamation Desertification
09 Vansjø-Hobøl Norway Flood retention ponds Flooding andlandslides
09 Vansjø-Hobøl Norway Stream bank vegetation Flooding andlandslides [19]
10 Myjava Slovakia Changes in crop and land usemanagement
Flooding and
landslides [20,21]
10 Myjava Slovakia Small wooden check dams Flooding andlandslides [20,21]
10 Myjava Slovakia Changes in vegetation cover Flooding andlandslides [20,21]
11 Veenweidegebied Netherlands Submerged drains (positionedbelow the groundwater level)
Loss of organic matter
in peat soils
12 Broddbo Sweden Different grass crops Loss of organic matterin peat soils [22]
13 Olden Eibergen Netherlands
Local Biomass (from e.g., tree
pruning, mowing applied on/into
the soil)
Loss of organic matter
in mineral soils [23]
13 Olden Eibergen Netherlands Grass undersowing of maize Loss of organic matterin mineral soils [23]
14 Veneto Italy Cover crops (CC) Loss of organic matterin mineral soils [24]
14 Veneto Italy Conservation agriculture (CA) Loss of organic matterin mineral soils [24]
15 Guadiamar Spain Amendment addition: biosolidcompost Soil contamination [25]
15 Guadiamar Spain Use of tree species: plantation ofOlea europaea var. sylvestris Soil contamination [25]
16 Cops¸a Mică Romania Inorganic soil amendments(bentonite, zeolite, dolomite) Soil contamination [26]
16 Cops¸a Mică Romania Organic soil amendments Soil contamination [26]
17 Isle of Purbeck UK Elemental sulphur treatment Soil biodiversity [27]
17 Isle of Purbeck UK Ferrous sulphate treatment Soil biodiversity [27]
2. Materials and Methods
2.1. Developing a Practical Methodology to Assess ES
Several authors have reviewed available methodologies to assess ES. Turner et al. [28] reviewed
methods, data, and models assessing changes in the value of ES from land degradation and restoration,
providing a good overview of the current state of the art. Bagstad et al. [29] evaluated 17 tools
for ES quantification and valuation of their usefulness in decision-making processes. Adhikari and
Hartemink [1] conducted a global review linking soils to ES: They retrieved key soil properties related
to ES and confirmed that the number of studies that directly link soil properties to the services is
limited. Existing tools focus on land use planning (see also [30]) rather than on local-scale land
management (e.g., tools used by the OpenNESS project, www.openness-project.eu/). They vary
from simple to complicated and time-consuming models, e.g., Multi-scale Integrated Model of ES
(MiMES, afordablefutures.com; [10]). There are tools designed for landscape-scale or larger spatial
area, such as the land utilization & capability indicator LUCI/Polyscape (lucitools.org; [31]), which
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builds on a GIS-based model, as well as a few addressing the local scale, such as TESSA toolkit [32],
but focusing on biodiversity sites only. Moreover, some studies focus on monetary valuation, such
as Ghaley et al. [33], quantifying marketable and non-marketable ES of diverse production systems
and management intensities. Concurring with Baveye et al. [2], we are convinced that non-monetary,
deliberative ways of dealing with the multifunctional nature of soils are more appropriate than
assigning price tags to aspects of soil management that we do not yet sufficiently understand.
Volchko et al. [34,35] have worked on analyzing soil functions as part of a holistic sustainability
appraisal of remediation alternatives. Their soil quality index was an arithmetic mean value of the
sub-scores, without weighting.
Our main challenge was to define the linkages of soil properties to ES, something that hardly
any study did [1]. In our process to come up with a workable methodology, we used some ideas and
elements from the reviewed tools and literature. The methodology was developed in cooperation with
a multi-disciplinary group of soil-related scientists and went through various iterations. Feedback
from the international science, policy, and practitioner community was obtained at European science
and policy events (Global Soil Week [36], European Geosciences Union [37], and Ecosystem Services
Partnership conference [38]).
Furthermore, we evaluated whether we should quantify the ES before and after implementation
of the trialled measure, or only evaluate the changes in ES. The first would conceptually be simpler
and would also be in line with other studies, where the reference situation refers to a maximum
ecological potential, often taken from a less managed agricultural landscape than the one at stake [4].
However, an assessment to quantify all ES before and after implementing 26 different measures across
Europe was not feasible within the RECARE Project. We thus decided to focus on the changes only.
Furthermore, focusing on changes resulting from trialled measures helped to identify the most effective
measures and to keep the focus on the effects/impacts of soil threats as well as land management.
To delineate the zone to consider, we agreed to focus on the local plot area, where the measures
were tested and monitored (such as the field level of the farm), as well as a wider area (such as
a watershed), represented by the area for which a land use and degradation mapping was available at
the case study sites.
In order to assess changes in the properties of the natural capital, we complemented the list
of inherent and manageable properties published in Schwilch et al. [3] with properties monitored
during the trials. The final list is shown in Figure 5, which depicts the number of properties assessed
by the case studies. For ES that can be assessed directly, we decided to work with the MAES ‘Best
available indicators for assessment of ES across different ecosystems’ (Mapping and Assessment of
Ecosystems and their Services; [39,40]), acknowledging some of the limitations of legitimacy and
validity as presented by Heink et al. [41]. The most difficult issue was the question of how to calculate
changes in ES based on measured changes in properties of the natural capital. While looking for
methods on how to quantify the impact of the changes of the various properties on the provision
of ES, we realized that most studies only look at which soil (and management and environment)
properties play a role in the provision of the ES, but they do not quantify the relative contribution of
each property [1,6,42].
2.2. RECARE ES Assessment Methodology
As we aimed at a comprehensive perspective integrating all ES potentially affected by soil
management, we evaluated available lists of ES, such as CICES ([43]; www.cices.eu) and TEEB ([44];
teebweb.org). We decided on CICES, because it was the most detailed and had a hierarchical structure
of section, division, group, and class. We used CICES 4.3 but simplified it and changed some of the
terms for easier comprehension to stakeholders. We then defined 15 ES that were relevant for RECARE
case studies, all of which had been mentioned as being affected by the trialled measures in one or
more case studies. They are a combination of the division and group from the CICES classification,
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as presented in Supplementary Material S2. For the methodology, the columns ‘RECARE Division &
Group’ and their associated ‘Class’ were used.
To assess the impact of the trialled measures on ES we developed an Excel-based tool with final
visualizations programmed in R (see Figure 2). The tool contains four steps which were taken to
determine short-term and long-term changes of the 15 ES we defined.
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Fig re 2. Fra e ork a rocesses of t e ecosyste service assess e t tool.
In Step 1, the values of the measured or estimated properties of natural capital with and without
trialled measures were entered for the whole implementation period. The list of 50 properties (see also
Figure 5) originates mainly from Dominati et al. [6]. It was extended by the 16 case study partners
during the methodology development phase and kept fixed for all assessments afterwards. The data for
any property for which a change was measured, observed or estimated was entered. The magnitude
of change of the selected properties was then appraised and rated in the local context from −3
(strong decrease) to 3 (strong increase) by considering seasonality and velocity of changes. Whether
a certain increase is considered low or high within the local context represents the interpretation of the
researcher involved.
In Step 2, the ‘impact dependence’ (positive impact +1 or negative impact −1) was defined for
each property with an impact on the identified ES, for the plot level and the wider area (regional
scale). Thereafter the relative impact of each property on each of the 15 specified ES was weighted
for the plot level and the wider area. The total impact of all properties with an impact on an ES was
always 100%. Figure 3 shows an example of the relative weight of properties explaining changes in
the nutrition biomass ES. The default weights, as presented in Figure 3, were used for 12 measures.
The main explanatory factors considered for nutrition biomass production thus include soil organic
matter (SOM), soil moisture, and infiltration, with some importance for ‘weed amount/species’ and
‘soil fauna and microorganisms’. This was partly adapted from Adhikari and Hartemink [1], leaving
out most of the inherent properties. The ‘grass undersowing’ trial in the Netherlands at Olden Eibergen
assigned equal weights to four properties, namely mineral nitrogen, SOM, infiltration, and ‘soil fauna
and micro-organisms’ (see Figure 3).
With the estimated impact of the measured change (from step 1), the impact dependence and
the weighting of the properties (from step 2), the Excel-based tool then calculated two impact values
between −3 and +3 for each ecosystem service, one for the affected area (plot level) and one for the
wider area. The calculation was done by multiplying the ‘magnitude of change’ and the ‘impact
dependence’ with the ‘weight’. If a specific ES was not relevant for the case study, it was set as N/A.
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(Right) NL—Olden Eibergen trial ‘grass undersowing of maize’.
Some of the ES can be measured directly (such as crop yield), or assessed using other indicators
than those related to a change in properties of the natural capital (such as number of visitors). In Step 3,
these measured or estimated indicators were entered into the tool and their magnitude of change
was again appraised and rated in the local context from −3 (strong decrease) to 3 (strong increase)
for the affected ES, one for the plot level and one for the wider area. A challenge was how to
combine the directly measured ES with the ones based on changed properties, as these would also
have an effect (e.g., many properties have an impact on yield). Due to a lack of scientific evid nce,
we simply averaged the two. In many cases, however, no directly m asured ES indic tors were
available. This averag f t calculations in Step 2 and Step 3 then resulted in the final change of the
ES due to the trialled measure between −3 (strong decrease) and +3 (strong increase). In addition,
the case study partners also identified benefits (positive impacts, advantages) and drawbacks (losses,
negative impacts, disadvantages) that the trialled measure may have for people and nature, such as
increased yield, clean water, or increased workload.
In Step 4, we assessed for each ES, for plot level and wider area, whether the assigned short-term
value from Step 3 will still be the same in 10 years or whether the changes in ES will increase or
decrease. The case study partners also identified benefits and drawbacks of the trialled measure for
this 10-year scenario.
In order to resent the r sults to stakeholders we also investigated effective visualization
approaches. Different studies suggest various forms of visualizing ES, e.g., the spatial relationship
between service production area and service benefit area [45], or the relative provision of services in
spider diagrams [46]. We developed an R script to generate four different graphs for each trialled
measure for both short-term and long-term scenarios at both plot level and the wider area (Figure 4).
The values on the axes indicate the magnitude of change in the 15 ES compared to the situation
without the trialled measure. The grey circle of ‘no change’ reflects the supply of the ES before the
implementation of the trialled measure. The values of the radial axes signify a strong increase (+3),
moderate increase (+2), small increase (+1), no change (0), small decrease (−1), moderate decrease
(−2), and strong decrease (−3). Green bars indicate that the ES has been increased compared to the
situation without the trialled measure (the value is above zero); red bars that the ES has been reduced
compared to the situation without the trialled measure (the value is below zero); yellow bars that the
ES have not changed ue to the trialled measure (th valu is zero); and grey b rs that the trialled
measure has no relevance for this ES. In contrast to a standard bar chart, this kind of visualization
has the advantage of also highlighting ES with no change, in addition to showing their increase or
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decrease. However, it makes the positive impacts (green) look larger than the negative ones (red),
although this does not mean they are more important.
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3. Results
The ap lication of the ES as ess ology to 26 trialled measures (Table 1), provi ed
information for the case st rt ers on changes in ES brought about by he trialled measures.
It l l it co parisons and analysis, presented in the following sections along the single
methodol gy steps.
3.1. Changes in Properties and their Impact
3.1.1. Measured and Estimated Properties ital
Figure 5 shows that vegetation cover, soil organic matter, and soil moisture were assessed (i.e.,
measured or estimated) in about two-thirds of all trialled measures (red bars). The properties
that were most frequently measured (blue bars) are vegetation cover, soil organic matter, pH,
and soil moisture. Changes in properties that were estimated (green bars) rather than measured
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include surface water/runoff, soil fauna/microorganisms, water holding capacity, humidity, surface
structure/roughness, infiltration, vegetation species composition, soil flora, and air temperature.
The only listed property that was apparently not relevant in the case studies is the number of animals
(grazing pressure), as this was not selected by any case study. Other properties of very little significance
(only mentioned by one case study) included many of the inherent soil properties, the vertical and
horizontal structure of vegetation, and the composition of animal type. This relates to the trialled
measures in the case studies, which are mostly applied on cropland, with only few on forests and
grazing land. However, the result of this analysis may provide a clue as to which properties are key to
understanding and measuring land management-induced changes in the natural capital.
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3.1.2. Comparison of Measured Values and Appraisal of Magnitude for Selected Properties
Figure 6 shows the measured values of three selected properties of the natural capital before and
after the trial implementation for the plot scale (affected area) and their appraisal of magnitude of
change compared to the local context. The selection of these particular properties was for illustration
purposes only.
Soil organic matter: Looking at the estimated magnitude of changes in Figure 6 (right column),
many sites report an increase in SOM. Portugal is an exception, as here the topsoil layer that is
most rich in SOM was ploughed under and increased SOM decomposition resulted from aeration.
Spain-Guadiamar reported an increase of 71% (magnitude 2 = moderate increase) for biosolid compost
amendment and 23% for use of tree plantation of Olea europaea var. sylvestris, considered a magnitude
of 3 (high increase) because SOM levels in the region are currently very low. In Romania, organic soil
amendments from manure and an increased root growth of plants led to an increase in SOM of 32%,
considered moderate. Veenweidegebied in the Netherlands reported a decrease in SOM loss for their
peat soil from a loss of 11.6 to a loss of 5.6 t/ha/year with the implementation of submerged drains
(since the decrease has become smaller this is shown as +3 in Figure 6). For the UK case study, where
detailed data were available for over 10 years of measurements, changes in SOM were reported in
opposite directions for the two measures. Elemental sulphur treatment led to a slight decrease from
initially 4.1% SOM to 4.0%, while the treatment with ferrous sulphate increased SOM from 4.1% to
4.4%. This was rated with magnitude −1 and 1, respectively. These values are not shown in Figure 6
because they reflect a long-term change.
Vegetation cover: This property is reported to have increased considerably for a number of sites,
namely Romania, Spain-Guadiamar, Italy, Iceland, and Slovakia. Only Portugal and Spain-Canyoles
(mulching) report a decrease; in Portugal this was due to ploughing and in Spain mulching led
to an increase in soil cover but a decrease in vegetation cover. For the contaminated site in
Spain-Guadiamar, natural colonization of the contaminated area by plants was very slow, while
tree plantation accelerated colonization and succession of plant communities. The Spain-Guadiamar
trial with biosolid compost amendment managed to increase vegetation cover from 19% to 68% due
to reduced metal phytotoxicity and improved soil fertility. In Romania, the second site under threat
of contamination, researchers explain the effect as follows: “reducing the metals mobility in soil led
to a diminishing of metals toxicity with benefits on plant growth”. This resulted in an increase from
initially 50% to finally 65% vegetation cover (trial with inorganic soil amendments bentonite, zeolite,
and dolomite). Their second trial (organic amendment) even increased vegetation cover from 50% to
75%. Both Italian trials increased vegetation cover by a magnitude of 3 by increasing cover from 50%
initially to, respectively, 80% and 90% finally. Conservation agriculture as well as cover crops provide
a soil cover by vegetation throughout the year.
Soil moisture (topsoil): Measured changes in soil moisture (mostly seasonal averages) were rather
minimal, but on a very different level due to the different pedo-climatic conditions found in the case
study areas. While the trialled measures in Sweden (peat soils) and in the UK (organic rich former
heathland soils) achieved volumetric soil water content of over 40%, Spain-Canyoles and Cyprus
reported only around 10% (semi-arid climate). While most sites reported an increase, there was
a decrease in one of the Portuguese trials (ploughing), in the two Norwegian trials, as well as in the UK
site with the ferrous sulphate treatment. In Portugal, this is due to increased macroporosity, at least
during the initial period following ploughing, while in Norway this is a desired effect due to the threat
of flooding.
From Figure 6, we conclude that most of the trialled measures did increase the assessed properties,
with only few showing a decrease. The appraised magnitude of change confirms that these changes in
properties are in many cases considerable (i.e., magnitude 2 or 3) within their local context.
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3.2. Measured Impact on ES
The results for Step 3 in Figure 2 include the assessed indicators for provisioning, regulating, and
cultural services and their magnitude of change, i.e., how the level of ES provision has changed due to
the trialled measure. Here we present the data for the affected area/plot level only, as there is more
data available for that level due to the local trials and their monitoring.
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Provisioning services: Figure 7 shows that among provisioning services, cultivated crops were by
far the most assessed (in 16 out of 26 trials, see red bars). Crop yield was measured in 10 of the cases
(blue bars) and estimated in the other 6 (green bars). Most other changes in provisioning services were
estimated rather than measured.
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Most trials related to crop production resulted in a measured or estimated yield increase
(‘cultivated crops’ in Figure 8). The only exception is the Italian trial, where conservation agriculture
led to a yield decrease of 25% (from 8 to 6 t/ha average from a three-year rotation of maize, wheat, and
soybean). Some trials report a considerable increase (magnitude +3), such as Norway (flood retention
ponds) and Iceland. In Norway, implementation of a retention pond reduced the incidences and the
duration of flooding on crop fields located below the retention; there is less flood damage and thus an
improvement in farm productivity. In Iceland, the increase in yield is almost 500% (from 7 to 42 t/ha),
as the treatment involves direct reseeding. Other provisioning services are less affected by the trialled
measures, or less important. Wild animals and their outputs are important in grazed ecosystems, such
as in Spain-Guadiamar, Slovakia, Norway, Iceland, and the UK.
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services ith ore than seven entions).
In Slovakia, the ES ‘plant-based energy resources’ include biofuel from rape and maize. A decrease
is reported because the trialled measure of ‘changes in crop and land use management’ intended
a reduction in agricultural land used for rape and maize cultivation due to their negative effects
on soils. The other two Slovakian trials reported a small increase in ‘plant-based energy resources’,
for example the trial with changes in vegetation that increase wood fuel.
Regulating Services: Figure 7 shows that for many of the regulating services, about half were
measured and the other half estimated. Measuring was apparently more possible here than with the
provisioning services.
Many of the regulating services show a strong improvement (Figure 9). The sites dealing with
flooding and soil erosion report improvements in the ES ‘mass stabilization’, with as many as six trials
reporting a strong improvement of magnitude 3. Streambank vegetation in Norway, for example,
increased shear strength of the soil by up to 155%.
‘Weathering processes’ and ‘decomposition and fixing processes’, the two ES in the group of soil
formation and composition, are important in many sites. Improvements of magnitude 3 are estimated
in Norway, Romania, and Spain-Guadiamar. In the Italian Conservation Agriculture trial, a decrease in
soil porosity was measured. This was interpreted as potential soil compaction and reported as a slight
deterioration of the ES ‘weathering processes’.
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The ES of ‘mediation f waste, toxics, and other nuisances’ is especially important in the two case
studies where soil contamination needs to be remediated, namely Romania and Spain-Guadiamar.
For both case studies, both trials show an improvement, and in each case study, one of the trials
is clearly better than the other. Inorganic soil amendments in Romania increased the soil capacity
to bind the metals and reduced the transfer of heavy metals from soil to plants. For the ES class
‘bio-physicochemical filtration’, the advantage of the inorganic soil amendments is particularly
apparent, in that the sorption of contaminants on inorganic amendments has reduced the mobility of
metals (e.g., Cd—mobile forms) in the soil by 94% (from 6.34 to 0.38 mg/kg) = magnitude 3. For the
organic amendment, this value is 38.5% = magnitude 1. In Spain-Guadiamar, the benefits of the trials
occur through a phytostabilization process, which is an immobilization of contaminants by plants
and associated microorganisms. Trials with conservation agriculture in Italy showed that the nitrate
concentration in percolation water decreased by almost 90% (from 39.7 mg/L to 4.3 mg/L), which is
considered a strong improvement of magnitude 3 and benefits groundwater quality.
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The ES ‘global climate regulation’ was of specific interest to the four case studies featuring soils
threatened by loss of organic matter in mineral and peat soils. In Italy, carbon sequestration was
measured as SOC stock variation (t/ha/y) for both trials. While conservation agriculture had negligible
impact on this (15% reduction in GHG emissions from 1 to 0.86 t/ha/y, rated as magnitude 0), the cover
crops trial caused a reduction of 41% (from 1 to 0.59 t/ha/y SOC stock variation, rated as magnitude
−1). Data was obtained as a yearly average during the 2011–2017 period in the 0–30 cm soil layer.
Cultural Services: For the cultural services, measuring seems most feasible for the indicator
of education, measured in eight trials as shown in Figure 7. Most other cultural services can only
be estimated.
Many of the trialled measures have an impact on scientific, educational, heritage, and aesthetic
interactions (see Figure 10). For example, in Iceland, it provides the opportunity to educate about
land degradation processes, land reclamation activities, and the value of the provided ES. Education
not only includes training of students, but also of farmers, such as on the issue of contamination in
Romania, where the results from the experiments are used for dissemination and improvement of the
knowledge about agricultural use of contaminated land with minimum risk for humans. The aesthetic
ES of the Norwegian trial ‘streambank vegetation’ considers the diversification of the vegetation,
which was rated magnitude 2, while the ‘flood retention pond’ did not provide any such service. In the
UK, aesthetics is an important factor, as this is what people visit the case study area for and it is the
socio-economic fabric of the landscape. Within the group of ‘spiritual and symbolic interactions’,
the class ‘sacred and/or religious’ was not an issue in most sites, and ‘existence’ as well as ‘bequest’
were relevant in some sites. In Romania, a higher value for ‘bequest’ is due to the preserved agricultural
use of contaminated land for traditional farmers without negative impact on human health. In the
Slovakian ‘changes in crop and land use management’, the benefits are that there is an improvement
of the landscape character, but with the drawback of a diversion from the past crop production, which
was indicated as a small deterioration of magnitude −1. The Greek trial ‘rainwater harvesting system
installed in greenhouses’ was rated with magnitude 2 for the ES ‘bequest’, because there is a water
footprint reduction through the saved groundwater.
3.3. Final ES Change
Figure 11 plots the resulting calculated ES changes for all ES, all sites (sorted according to soil
threat), and plot level. Overall, we observed mostly positive changes in ES, with only very few dots
below the zero line (25 out of 382). Provisioning and cultural ES hardly reached a value above two,
while the regulating ES showed some significant improvements between two and three. Few specific
patterns were immediately visible, but a more detailed look revealed some that were not visible at first
sight. For example, nutrition biomass (dark green dots in Figure 11) was higher overall in its service
provision than nutrition water (dark blue dots), and almost all sites reported either an increase or no
change in these services. Notable exceptions are Italy (yield decrease under conservation agriculture)
and Poland (drinking water decrease). Overall, nutrition biomass achieved the highest changes within
the group of provisioning services.
For the regulating services, pest and disease control were affected the least, the ES changes range
between −0.1 and 1.2 for all sites, presumably because this issue was not the focus of the trialled
measures targeting soil degradation. High values of increase, i.e., with a magnitude of >2, were
achieved for ‘mediation of flows’ (dark green dots in Figure 11), ‘mediation of waste’ (purple dots),
‘soil formation and composition’ (salmon dots; namely NL-Veenweide with a magnitude of 3), and
‘water condition’ (olive dots). Looking at the overall picture, the ES ‘mediation of flows’ and ‘mediation
of waste’ showed the most important positive impacts. The first is especially crucial for the soil erosion
case studies (Switzerland, Portugal, Cyprus), with only the Portugal plough trial not showing an
improvement. It is obviously also important for the flooding sites (Norway and Slovakia). The latter
(mediation of waste) is specifically important for the contamination sites (Spain-Guadiamar and
Romania), both of which reported an increase for their two trials, but with a distinct difference in favor
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of one of the trials each. Negative values were very rare. NL-Veenweide reported a moderate decrease
(−2) and Portugal (plough) a small decrease (−1) of the ES ‘climate regulation’ (dark blue dots).
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Out of the cultural services (Figure 11), it was mainly the ES ‘intellectual and representative
interactions’ that increased for most sites and trials. This is probably due to the scientific and
educational value of the project being a research project of mostly universities. The ES of ‘physical
and experiential interactions’ seems to be affected positively mostly in the sealing, desertification,
and flooding sites. Compared to other sites, these sites deal with larger areas. Interactions like
walking, hiking, and sightseeing are thus more important and were positively influenced by the
trialled measures.
Assuming a soil management measure that increases the supply of all three categories of ES
would be best, Figure 11 indicates that no single trialled measure is clearly better than all others, i.e.,
there is no management measure which is most promising to improve ES.
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3.4. 10-Year Scenarios
Figure 12 depicts the changes in selected provisioning, regulating, and cultural services that are
expected for a 10-year scenario compared to the assessed changes after the trial implementation period
(at plot level). Although this is based on a rough estimate, a slight to medium increase in all appraised
ES can be shown. To illustrate the implications this has, we present selected results from three case
study sites. In Cyprus, the short-term impacts of participatory terrace rehabilitation can be sustained
in the long term with further engagement of the younger generation in mountain terrace farming [14];
more importantly, if applied at the wider area, some considerable future benefits may arise, such
as reduced run-off and soil erosion, and flood prevention (ES mediation of flows). The relevance of
terrace rehabilitation is also reflected in an increased and maintained cultural service ‘preservation of
heritage (cultural landscapes)’. For the cover crops measure in Italy, it is expected that most ES will
show a slight improvement in the long term. Researchers specifically mentioned improvements in
groundwater quality, water cycle regulation, and organic carbon stabilization (C/N ratio), as well as
a reduction in GHG emissions. For the conservation agriculture measure, the researchers expect an
increase in crop production in the long term as observed in several studies. Mediation of waste, toxics,
and other nuisances as well as pest and disease control are expected to show a moderate decrease in
the long term because of an increase in the use of pesticides when applying conservation agriculture,
especially relevant at the level of the wider area (see also Figure 4). The cultural service ‘spiritual
and symbolic interaction’ is expected to change from a small decrease after the trial to a ‘no change’
in the long term, because people will recognize the continuous soil cover as a common practice and
will not confuse it with land abandonment. For the UK trials, detailed data were available for over
10 years of measurements. The observed reduction in soil pH and nutrient content might be considered
detrimental to mesotrophic pasture species and hence overall plant production, but these conditions
are beneficial for acid grassland and heathland species. In a restoration ecology project, reverting
agricultural land to support a heathland and acid grassland system, a reduction in nutrition biomass is
to be expected. The outcome is intended to be a low input, ancestral agricultural grazing system. Such
systems are becoming increasingly popular in the region as part of a general move towards traditional
farming systems and habitat recreation for rare fauna and flora: a key part of the area’s touristic appeal.
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4. Discussion
4.1. Soil Management and ES
4.1.1. Changes in ES due to Soil Management
Overall, the results paint a very positive picture in terms of the impacts of the trialled measures
on ES, indicating that the trialled measures indeed increase ES. This was hypothesized, as most of
these measures were selected for trialing due to their expected positive effects regarding the soil threat
at stake (except for some trials being included to compare with conventional practices, such as the
ploughing trial in Portugal). However, we were curious to see whether these measures would also
show an impact on ES other than those affected by the soil threat. Would, for example, a measure
against soil erosion only lead to an improved ‘mediation of flows’, or would it also provide positive
impacts on ‘nutrition biomass’ (yields), as well as cultural services? Would it thus be possible to
provide and improve a multitude of services and not decrease some services or present trade-offs over
scale and time? Looking at the results from this perspective confirms that 18 out of 26 trialled measures
did not show a decrease in any service at the affected area/plot level. For the wider area/regional
level, it was even 20 cases out of 26. In other words, 67% and 74% of the trialled measures had only
positive impacts on the ES at the plot level and wider area respectively. However, negative impacts on
ecosystem services could have gone undetected in the trials or may not have emerged yet.
Can we now identify those properties of the natural capital that play a decisive role in improving
the ES? In other words, which modifications of the natural capital would be required to achieve an
effect on ES? This would be a very pertinent result relevant for science and for land management.
However, more research is needed to better understand the relationship between the natural capital
and ES, in order to derive information on these mechanisms. The critical point is the assignment of
relative weights to explain how much the different properties of the natural capital affect ES or affect
changes in ES. As mentioned before, we consider this to be one of the most difficult and challenging
aspects of this research, although our methodology provides one way of solving the issue.
Nevertheless, as the detailed description of the results showed, some unexpected insights emerged
from application of the methodology, in terms of the trialled measures and their direct comparison at
case study level as well as across all case study sites. Some patterns became visible, e.g., regarding the
soil threat at stake and the effectiveness of the measure in addressing these. The direct comparison
of the effectively achieved magnitude of changes in properties as well as in ES sometimes confirmed
expected impacts, but also revealed impacts that might have been unnoticed before or were under- or
overestimated. Additionally, the results enabled easy detection of synergies and trade-offs among the
15 assessed ES for each trialled measure, and thus provided an evidence base for valuation.
4.1.2. Valuation of ES by Stakeholders
Following the assessment of impacts on ES as described in this paper, a valuation of the benefits
of these ES is required, in order to use the results for future soil management decisions and for
policymaking (see also [3]). Acknowledging that ES provided and influenced (changed) by soil
management measures are valued differently by different stakeholders favours deliberative ways of
stakeholder valuation and decision-making over monetary approaches. At the basis of stakeholder
valuation is the understanding that a change in land management affects ecological processes, which
in turn affect the kinds of benefits that people derive from land. Soil management thus alters ecological
processes in such a way as to produce benefits (e.g., yield), but sometimes also drawbacks (e.g.,
contamination of groundwater with pesticides). However, benefits for some stakeholders might be
drawbacks for others (or vice versa)—and for other geographical locations (e.g., downstream) or for
future generations. This has to be taken into account for a comprehensive valuation of ES targeting
the sustainability of soil management. RECARE has developed a stakeholder workshop methodology
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with a sequence of exercises enabling stakeholders (at the local as well as the sub-national level) to
conduct such a valuation by combining local and scientific knowledge [47].
We noticed that stakeholders sometimes find the concept of ES difficult to understand or work
with [48]. While the provisioning services are easy to understand due to their immediate use value
or benefit to people, the regulating services are more difficult to perceive, as they frequently involve
processes that show their positive or negative effects only in the long term and/or in a bigger context,
and which are therefore often overlooked. The same holds true for the cultural services, which are less
tangible and often go unnoticed. We found that some of these ES valuation workshops specifically
uncovered some of these neglected (by the researchers) cultural services [48]. The valuation process
further helped to evaluate whether the trialled measure(s) contributed to the desired benefits of the
stakeholders. This also revealed synergies across stakeholders, scale, and time, e.g., if a measure
provided distinct benefits for two or more different user groups (e.g., less on-site soil erosion for
farmers and less off-site sedimentation damaging public infrastructure). Additionally, it also enabled
an evaluation of which measure contributed most to the benefits and/or least to the drawbacks, in cases
where several measures were compared.
4.2. Methodological Challenges and Critical Reflections
4.2.1. Measurements vs. Estimations
Asking for researchers’ estimates where no measured data were available (or where it would have
been too demanding or costly to measure it) was a delicate issue. Nonetheless, we decided to do so
to achieve a more balanced, comprehensive, and holistic assessment than basing the results on the
measured data only, which is often limited. Many ES assessment studies base their calculations on
selected and available data only [4,49,50], although ES is a holistic concept. In our view, ES assessment
only makes sense if the whole system is assessed and any changes in the properties of the natural capital
are included, while acknowledging that different expert teams would provide different ES assessment
results, even with the same data available, also because some researchers are more hesitant to estimate
than others. Additionally, some of the estimations and assigned magnitudes may reflect expectations
or even ‘wishful thinking’ of the researchers involved, rather than reality [51]. For a holistic approach
as used here, it is nearly impossible to measure every single property, and we thus consider expert
elicitation indispensable and justified (see also the Best Professional Judgement approach used by
Rutgers et al. [4]). Especially in ES mapping and modelling, this is a frequently used approach, because
expert estimation “is based on the assumption that through experience, education or profession, certain
people have sufficient knowledge on the research subject, to officially rely upon their opinion” [52]
(p. 22), [53].
4.2.2. Assignment of Magnitudes and Impact Dependence
Contextual factors matter in the importance of changes in soil properties for changes in ES, such
as the purpose of the soil management measure and regional differences. An example is the positive
appraisal of low soil moisture values in Norway regarding flood reduction, compared to the negative
appraisal of the same property in Slovakia, where water availability is important for vegetation growth,
which positively influences flood risk reduction. The assignments of magnitude to interpret the
changes in properties of the natural capital was thus an important step in understanding them in
the local context, making them dimensionless, and comparing data across sites. However, this was
also a difficult and tricky step, as the assignment of the impact dependence with ‘the more the better’
or ‘the less the better’ implies implicit values. For example, the low-resilience character of subsoil
compaction turns the evaluation into accepting changes in subsoil compaction, while the precautionary
principle would call for no change of the subsoil. However, working with the concept of ES is never
value-free. The concept as such is anthropocentric and implies that there are ‘services for the benefits
of humans’. However, the real valuation of the ES, whether they are increased or decreased by the
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trialled measure, is done during the stakeholder workshop following the ES assessment, where the
researchers’ assignments can also be questioned and reversed again. This is in line with the doubts
and criticism on valuation of soil ES formulated by many (soil) scientists and recently reviewed by
Baveye et al. [2].
4.2.3. Assignment of Weights to Explain ES
It appeared to be difficult to estimate the relative importance of changes in soil properties in
influencing the delivery of ES. However, assuming that all soil properties carry equal weight, as done
in other studies (e.g., [54]), is also an assumption of weights. As described in the methodology section
of this article, we could not find in the literature another way to calculate changes in ES based on
changed properties of the natural capital, and it was thus impossible to avoid the assignment of relative
importance to properties. Other scientists have researched the influence of soil properties on just
one ES (e.g., nutrient cycling), and only indicated the ones that matter, without trying to rank the
properties or to quantify the effect on the ES [42]. The recent global review on linking soils to ES,
by Adhikari and Hartemink [1], also revealed that—although there are many studies defining the
linkage of soil properties to ES—there are very few that quantify the contribution of different soil
properties to the services.
4.2.4. Working towards a Holistic Appraisal of ES
One of the merits of the methodology lies in allowing all relevant ES to be included, and thus also
dealing with ES that cannot easily be measured, such as cultural ES. We understand ecosystems as
a holistic concept and therefore tried to avoid reducing the ES assessment to those ES that can easily
be measured. We consider it important to identify, quantify, and valuate all changes in ES, as also
supported by Braat and de Groot, who stated that “to choose a priori and arbitrarily to exclude some
classes of services makes no sense” [55] (p. 12). Baveye [56] confirmed that the “key appeal of the
concept of ES (the multiplicity of concurrent services) disappears if, in applications, authors pick and
choose which services they include, and some are systematically overlooked” [56] (p. 47).
Nonetheless, how to combine the calculated ES change from the changed properties with the
directly measured ES remains challenging. As described in the methodology development section,
we decided to combine them using equal weight (50% each), which allowed both components to be
represented in the outcome. Baveye et al. [2] (p. 17) state that “in the vast literature on the ES of soils,
it is symptomatic that no publication to date has reported explicitly on the direct measurement of
a single function or service. [ . . . ] there are currently no solid data at all on any function or service of
soils.” In his recent article, Baveye [56] further confirmed the need for actual measurements of ES of
soils at field scale, which is still lacking. The present study provides some of this as well.
5. Conclusions
Despite all the limitations and challenges mentioned above, the methodology presented for
assessing impacts on ES was highly effective in evaluating the trialled measures. It has allowed us
to study the impacts of the trialled measures through the lenses of ES, which was taken even a step
further in the stakeholder workshop on the valuation of ES. Although this stakeholder valuation,
which is based on this ES assessment, was an integral part of the overall methodology as applied in
the RECARE project, it was not possible to present and discuss it in detail in this paper.
Furthermore, our assessment provided the opportunity to compare monitoring results across
the case study sites. Through the assignment of magnitudes of change, the monitoring data became
directly comparable and independent of the parameter used or the unit of measurement applied.
Additionally, the request to estimate changes even if no measured data were available enhanced the
comprehensiveness of the assessment, taking into account drawbacks on its accuracy and reliability.
Methodologically, we consider our study to make an important contribution to the contemporary
discussion on the role of soils for ES. Although there have been many studies defining the linkages of
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soil properties to ES, very few studies directly link soil properties to the services [1,53]. This was indeed
the biggest methodological challenge, as reported above, and more research is urgently needed here.
Overall, we conclude that, with this method, we were able to successfully collect and compare
data regarding the impact of land management on 15 different ES from 26 different trialled measures
from 16 different case study sites across Europe. Without claiming that this would reflect reality in
detail, we believe that this has not been done before in such a comprehensive and holistic way.
Supplementary Materials: The RECARE ES Assessment Tool is available online at http://www.mdpi.com/2071-
1050/10/12/4416/s1, File S1: RECARE_Tool_ES_Assessment.zip. S2 presents the CICES 4.3 table adapted for
RECARE, File S2: RECARE_CICES_adapted.doc.
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